Introduction {#Sec1}
============

There is currently a major human pandemic caused by the novel severe acute respiratory syndrome (SARS)- coronavirus-2 (SARS-CoV-2) that leads to coronavirus-induced disease (COVID-19).^[@CR1]^ It is primarily a viral-induced inflammatory disease of the airways and lungs that causes severe respiratory issues. SARS-CoV-2 uses the angiotensin converting enzyme-II receptor (ACE2) to bind and infect cells leading to internalization and proliferation.^[@CR2],[@CR3]^ Inflammatory, innate and adaptive immune responses are induced to clear the virus but also cause host tissue damage.^[@CR4],[@CR5]^ Consequent hypoxia leads to systemic involvement particularly of the vasculature that leads to vasoconstriction reduced perfusion and organ failure.^[@CR6]^ Much remains to be understood of the inflammatory and immune responses that are induced by the infection and how they induce pathogenesis. Ventilation and oxygen therapy are primary treatments and it is emerging that those with severe disease who survive develop lung fibrosis.^[@CR7]^ The most effective pharmacological treatments remain ill-defined with varying results with hydroxychloroquine^[@CR8]^ but more promising results with dexamethasone.^[@CR9]^

Elucidating the mechanisms of pathogenesis will enable the identification of the most effective therapies. Animal models of SARS-CoV-2 infection and COVID-19 that recapitulate the hallmark features of the human disease will undoubtedly be valuable in elucidating pathogenic mechanisms, identifying new therapeutic targets and developing and testing new and effective treatments.

Human infection and disease {#Sec2}
===========================

SARS-CoV-2 is a beta-coronavirus closely related to SARS-CoV that caused a relatively small outbreak in the early 2000s.^[@CR2],[@CR10]^ Similar to SARS-CoV, SARS-CoV-2 binds the ACE2 receptor and requires proteases such as serine TMPRSS2 to cleave the viral spike (S) protein required for SARS-CoV and SARS-CoV-2^[@CR11],[@CR12]^ cell entry.^[@CR2]^ This step may be facilitated by endosomal proteases such as cathepsin-L and enhanced by the protein furin,^[@CR13]^ the virus then enters the host cell by endocytosis.

A critical element of SARS-CoV-2 tropism in humans is the abundance of ACE2 in the upper respiratory tract (URT) especially the nasopharynx.^[@CR14]^ The molecular configuration of the SARS-CoV-2 membrane binding component of the S protein binds with greater affinity to ACE2 than does SARS-CoV, which likely contributes to the higher infectivity of the former.^[@CR15]^ The clinical course commences with an incubation period with a median of 5.1 days, with illness typically developing by 11 days.^[@CR16]^ This phase is characterized by mild symptoms, with most people remaining asymptomatic and infection thought to be confined to the URT, although they are capable of transmitting infection. Symptoms when they do occur are typically acute viral respiratory illness with fever, cough, dyspnoea, fatigue, anosmia, myalgia and confusion.^[@CR17]^ In \~80% of people, the course remains mild and disease does not extend to the lower respiratory tract (LRT). However, \~20% develop more severe symptoms, with diffuse widespread pneumonia, with 5% having severe gas exchange problems, acute lung injury and progress onto acute respiratory distress syndrome (ARDS).^[@CR18],[@CR19]^ The clearest predictor of mortality is age, with the case fatality rate rising dramatically over 60 years of age.^[@CR20]^ Other predisposing factors for heightened mortality are male sex, social deprivation, and chronic disease particularly chronic obstructive pulmonary disease (COPD), cardiovascular disease (CVD), obesity and diabetes.^[@CR21]^

A key issue is why some individuals progress to more severe lower respiratory disease but others do not. One factor is the ability of the inflammatory and immune responses to confine the infection to the URT. ACE2 is expressed in the LRT, but at lower levels than in the nasopharynx.^[@CR22]^ Also, while ciliated airway epithelial cells are readily infected and transmit to surrounding cells, the reduction in ACE2 may be a barrier to LRT infection. In those that progress severe systemic inflammatory response or "cytokine storm" develop. The pneumonia associated with severe infection bears all the pathological features of ARDS, with diffuse alveolar damage, interstitial pneumonitis and lymphocytic infiltrates.^[@CR23],[@CR24]^ Unique features of critical disease are extravascular fibrin deposition, neutrophil trapping, microvascular thrombosis and large vessel pulmonary emboli.^[@CR24]^ Widespread thrombosis and microangiopathy in critical COVID-19 occurs at higher rates than in ARDS associated with influenza, and dysregulated coagulation and angiogenesis are also features.^[@CR25]^

Increased and dysregulated Th-1 and Th-17 responses were present in ARDS in Middle Eastern respiratory syndrome (MERS-CoV) and influenza.^[@CR26],[@CR27]^ The occurrence of severe lung disease at 5--10 days post-infection (dpi) reflects the dual features of spread of infection to the LRT and coincident development of adaptive immune responses with heightened activation of virus-specific T-effector cells. This coincides with lymphopenia associated with severe disease, and is a predictive marker earlier in disease with worse outcome.^[@CR28]^ There is also evidence that T-cells are dysfunctional with increased expression of exhaustion molecules related to heightened systemic inflammation.^[@CR29]^ The role of elevated systemic immune dysregulation is supported by analysis of the transcriptomic responses in 50 people with SARS-CoV-2 infection, demonstrating that impaired interferon (IFN) responses were related to persistent viremia and increased systemic inflammation, with elevated TNF-α, IL-6 and IL-10.^[@CR30]^ Elevated systemic levels of IL-17 are also present in critical illness with ARDS and heightened inflammation, and it is plausible that increased Th-17 responses drive ongoing inflammation.^[@CR31]^ While interesting, these are observations, often performed with limited patient numbers where ARDS and disease severity are associated with heightened inflammatory and immune activation, and a causative role cannot be established.^[@CR27],[@CR32]^ Interrogation of representative animal models is needed to define cause and effect, elucidate mechanisms of pathogenesis and test treatments.

Small animal models {#Sec3}
===================

A range of animal models have been used to study COVID-19 with varying susceptibility likely dependent on species specific make-up for ACE2 (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1ACE2 protein phylogenetic divergence and in vivo model severity.Left panel, fast minimum evolution distance tree for ACE2 protein sequences using Griphin for evolutionary distance, unsorted. Species included are *Gallus gallus* (Chicken), *Anas platyrhynchos* (Duck), *Cavia porcellus* (Guinea Pig), *Mustela putoris furo* (Ferret), *Canis lupus familiaris* (Dog), *Felis catus* (Cat), *Sus scrofa* (Pig), *Rousettus aegyptiacus* (fruitbat), *Mesocricetus auratus* (Golden hamster), *Mus musculus* (Mouse), *Callithrixjacchus* (Common Marmoset), *Macaca mulatta* (Rhesus macaque), *Macaca fascicularis* (Cynomolgus Macaque), *Chlorocebus aethiops* (African Green Monkey) and *Homo sapiens*. Macaques are represented as one image due to close divergence. Severity of disease is color-coded from refractory to infection (BLUE, no virus detected) to severe (RED, shedding). Common Marmoset and Guinea Pig have only been assessed for SARS-CoV, all others with SARS-CoV-2. Scale indicates 10% amino acid divergence.

Mouse models {#Sec4}
============

Small animal models are widely used to study emerging viruses, but often they need to be genetically modified or the virus needs to be adapted for different species to be susceptible and this is the case for SARS-CoV-2. In most studies to date the mouse strains have been incompletely or incorrectly described and should be included in future publications.

Genetically modified mice {#Sec5}
-------------------------

Several inbred mouse strains were used to model SARS-CoV infection including BALB/c,^[@CR33]^ C57BL/6^[@CR34]^ and "129SvEv" (incorrectly reported name),^[@CR35]^ as well as factor-deficient (^−/−^) mice such as *Cd1*^−/−^, *Rag1*^−/−^ and *Stat1*^−/−^.^[@CR34]--[@CR37]^ The identification of ACE2 as the host receptor for SARS-CoV^[@CR38]^ initiated considerable global interest in developing murine models that are representative of human disease. This led to the generation of transgenic mice that express human (h)ACE2, K18-hACE2, in the epithelia of tissues and organs including lungs, liver, kidney, spleen, heart and gut. K18-hACE2 mice still express the mouse (m)ACE2, however this is primarily localised in the ileum.^[@CR39]^ They are highly susceptible to SARS-CoV infection and experience high viral lung titres, significant weight loss and morbidity from 4 dpi.^[@CR39]^ Viral dissemination to the brain was the main cause of death.^[@CR40]^ Similar results were obtained in another transgenic strain expressing hACE2 under the control of the mACE2 promoter.^[@CR41]^

With the MERS outbreak in 2012 and identification of that virus' entry receptor dipeptidyl peptidase-4 (DPP4, CD26), it was found that neither wild-type (WT) nor immuno-deficient mice were susceptible to MERS-CoV infection.^[@CR42]^ Transgenic mice expressing human (h)DPP4 in epithelial and endothelial cells in the lung, brain, heart, liver, kidney, spleen and intestine were generated.^[@CR43]^ They were highly susceptible to MERS-CoV infection, with significant weight loss, high viral lung titres and inflammatory cytokine production from 2 dpi, and mortality from day 5.^[@CR43]^ In other studies, exons 10--12 of the mDPP4 locus were modified to resemble hDPP4 expression,^[@CR44]--[@CR46]^ which led to MERS-CoV lung replication but not disease development.^[@CR47],[@CR48]^

With the discovery of SARS-CoV-2/ACE2 interactions^[@CR2],[@CR12],[@CR49]^ global interest in hACE2 mouse models re-emerged. However, due to falling interest with the resolution of the SARS outbreak, most labs ceased maintaining hACE2 mice. To satisfy the global demand for hACE2 mice, the Jackson Laboratory re-animated K18-hACE2 mice, which are becoming available. The lag-time has slowed the understanding of disease mechanisms in COVID-19 and the identification of effective drug and vaccine candidates to progress to clinical trials.

The first live SARS-CoV-2 infection model used transgenic mice expressing hACE2 under the control of the mACE2 promoter.^[@CR41],[@CR50]^ Mice had significant weight loss over a 14-day infection period, and high viral lung titres 1--5 dpi. Histological lung examination revealed moderate interstitial pneumonia, infiltration of lymphocytes, mucus accumulation and desquamation of bronchoepithelial cells from day 3.^[@CR50]^ There were no detectable viral titres or pathology in other tissues or organs, except on day 1 in the intestine, suggesting that infection is localized almost exclusively to the lungs.

Similarly, transgenic mice overexpressing hACE2 under the control of HFH4/FOXJ1 lung ciliated epithelial cell-specific promoters are also susceptible to SARS-CoV-2 infection.^[@CR51],[@CR52]^ Most infected HFH4-hACE2 mice had minimal weight loss over 7-days of infection. However mice that later became moribund showed significant weight loss from day 4 and significant lymphopenia and neutrophilia in peripheral blood at day 6, which recapitulates severe human disease.^[@CR28],[@CR31]^ Lung histology showed initial macrophage and lymphocyte infiltration and fibrin exudation from 1 dpi, which steadily progressed to severe pneumonia, blockage of terminal bronchioles, extensive fibroplasia and alveolar necrosis by day 7.^[@CR51]^ In contrast to previous findings of lung tissue specificity,^[@CR50]^ HFH4-hACE2 infected mice had detectable viral titres in the lung, eyes, brain and heart suggesting that the virus may have additional tissue tropisms following initial lung infection.^[@CR50],[@CR51]^ Re-infection following recovery from initial SARS-CoV-2 infection resulted in reduced weight loss and viral titres and improved survival indicating the development of protective immunity following initial challenge.

Recently, the first K18-hACE2 SARS-CoV-2 infection was examined.^[@CR53]^ Mice exhibited no clinical symptoms or weight loss until 4 dpi. By day 5, mice had 10% weight loss with variable clinical presentation, ranging from reduced activity to increased respiration and lethargy. Infected mice also had moderate viral lung titres, suggesting productive infection. Bronchoalveolar lavage revealed increased infiltrating granulocytes, monocytes and eosinophils accompanied by alveolar debris and septal thickening on histopathology analysis. While these results are encouraging, the study only examined five mice up until 5 dpi. In agreement with these initial finding,^[@CR53]^ a recent pre-print paper similarly shows that SARS-CoV-2 infected K18-hACE2 mice lost \~10--15% weight by 5 dpi, which steadily decreased to 25% body weight by 7 dpi.^[@CR54]^ They had high viral lung titres from 2 dpi, accompanied by modest viral titres in the heart, brain, kidney and spleen. Declines in pulmonary function were notable at 7 dpi evidenced by reduced inspiratory capacity and increased tissue resistance and elastance. RNA-sequencing analysis of infected lung tissues identified the upregulation of innate immune signatures, particularly NF-kB-dependent, type I and II IFN signalling and leucocyte activation pathways. Another pre-print paper shows that SARS-CoV-2 infected K18-hACE2 mice produce a robust Th1/2/17 cytokine storm in the lungs and spleens from 2 dpi,^[@CR55]^ highlighting the relevance of this mouse model that recapitulates critical human clinical features of COVID-19. Importantly, multiple reports have shown that SARS-CoV-2 infection of K18-hACE2 mice is dose-dependently fatal from 5 dpi,^[@CR55]--[@CR57]^ suggesting that it is similarly lethal as SARS-CoV^[@CR39]^ in these transgenic mice.

Adenoviral systems {#Sec6}
------------------

Adenovirus vector-based systems can be used to insert human receptors into mouse genomes and are valuable for use with already factor-deficient or transgenic mice. Replication-defective adenovirus vectors have been used to insert hDDP4 into WT mice rendering them susceptible to MERS-CoV infection.^[@CR58]^ Infected mice developed pneumonia with extensive pulmonary immune cell infiltration and viral clearance by 6 dpi^[@CR58]^ but were less affected than fully hDPP4 transgenic mice.

Similarly, transduction of BALB/c mice with adenovirus containing hACE2 (AdV-hACE2) led to stable hACE2 expression in the lungs from 10 h post-transfection.^[@CR59]^ SARS-CoV-2 infected AdV-hACE2 mice had \~10% weight loss over 8 days, high viral lung titres and modest titres in the heart, brain, liver and spleen, extensive neutrophil accumulation in perivascular and alveolar locations and vascular congestion upon histological examination. Administration of anti-IFNAR1 monoclonal antibodies to transiently inhibit type-I IFN signalling resulted in up to 20% weight loss and more severe lung inflammation, compared to infection alone. In this system, neutralizing antibodies against SARS-CoV-2 S protein (1B07) were protective against severe disease. Mice lost less body weight and had lower viral titres in the lung, heart and spleen at 4 dpi, and reduced expression of pro-inflammatory cytokines and chemokines (*Ifnb*, *Il6*, *Cxcl10*, *Cxcl1*, *Ccl2*, *Ccl5*) and immune cell infiltrates in the lungs at 6 dpi.

CRISPR systems {#Sec7}
--------------

Using CRISPR/Cas9, an alternative humanised hACE2 mouse model was developed where the mACE2 was disrupted by inserting hACE2 linked to the red fluorescent protein TdTomato.^[@CR60]^ hACE2 expression is under the control of the mACE2 promoter in the native locus, with expression predominantly in the lungs and kidneys, similar to mACE2 in WT mice. SARS-CoV-2 infected humanized hACE2 mice had high viral titres in the brain, trachea and lungs with no differences between young and aged mice. However, infected aged mice had lung neutrophilia and extensive alveolar thickening, vascular injury and focal hemorrhaging compared to young mice. Intragastric infection resulted in high viral titres in the trachea and lungs, suggesting that the oral administration route can lead to productive pulmonary infection.

Mouse-adapted viruses {#Sec8}
---------------------

Viruses can be adapted to infect WT mice through serial passaging or targeted mutation. Their use is advantageous as they reduce biological risks to researchers and may more closely resemble natural host-pathogen interactions in mice. However, they are limited due to mouse adaptation that may result in infection that does not recapitulate all aspects of human disease.

This approach was applied to SARS-CoV, which was serially passaged in the respiratory tracts of young BALB/c mice. This led to the generation of a mouse-adapted SARS-CoV strain (MA15) which was lethal to mice from 3 dpi.^[@CR61]^ Infection resulted in high viral titres in the lungs from 1 dpi, followed by viremia and diffusion to extra-pulmonary sites including the brain, liver and spleen, significant lymphopenia and neutrophilia, mild and focal pneumonitis and necrotic cellular debris in the airways and alveoli. Another mouse-adapted SARS-CoV strain (v2163) was produced by serial passage in 6-week-old BALB/c mice.^[@CR62]^ Infection resulted in more severe symptoms and higher mortality rate than with MA15, with greater immune responses and lung pathology. Mouse-adapted SARS-CoV strains lacking the critical viral envelope I protein induce varying degrees of protection against re-infection with virulent strains, highlighting the potential for live-attenuated vaccines.^[@CR63],[@CR64]^

Serial passage of MERS-CoV through the lungs of mice with human modified exons 10--12 of DPP4 resulted in a virus that induced significant weight loss and mice became moribund from 4 dpi. Mice had high stable viral titres in the lungs and blood, inflammatory cell infiltrates, and oedema, necrotic debris and vascular permeabilization in lungs.^[@CR47]^

Mouse-adapted SARS-CoV-2 has been reported in a preprint, with mutations in the receptor binding domain (RBD) of the spike protein following serial passage, inducing productive infection of both young and aged WT BALB/c mice.^[@CR65]^ Infected mice had high viral lung loads up to 7 dpi, and displayed mild pneumonia with inflammatory cell infiltration, alveolar damage, focal exudation and haemorrhage and endothelial cell denaturation. The efficacy of a RBD-Fc based vaccine was examined in this model, which induced the production of neutralizing antibodies which potently inhibited the infection. A similar preprint describes the modification of the RBD of the SARS-CoV-2 S protein, which facilitated the efficient binding of the S protein to mACE2 for host cell entry.^[@CR66]^ Infection with this virus resulted in viral replication in the upper and lower airways of young and aged BALB/c mice. Aged mice had greater weight loss and pulmonary function decline compared to young mice, reproducing important aspects of human disease.

A summary of the different mouse models that are permissive to SARS-CoV-2 infection (Table [1](#Tab1){ref-type="table"}) and a comparison of features between mouse models and human COVID-19 (Fig. [2](#Fig2){ref-type="fig"}) are shown.Table 1Summary of available mouse models used to examine SARS-CoV-2 pathogenesis.Mouse linePromoterhACE2 expression and localisationInfectious dosesDisease outcomeReferencehACE2-HB-01mACE2 promoterHigh expression in intestine and kidney. Moderate expression in heart.Low expression in lungs.Up to 1 × 10^6^ TCID~50~Mice lost \~10% body weight but all recovered. High viral titres in the lung, no obvious clinical signs. No morbidity.^[@CR42],[@CR51]^HFH4-hACE2Forkhead transcription factor (HFH4/FOXJ1)High expression in lungs, gut and brain. Low expression in liver and kidneys.3 × 10^4^ PFUProportion of mice lost \>20% body weight and died. Moribund mice had neutrophilia and severe lung damage evidenced by histopathology.^[@CR52],[@CR53]^K18-hACE2Cytokeratin 18 (K18)High expression in lungs and colon.Moderate expression in small intestine, spleen, kidney, liver and heart. Low expression in brain.8 × 10^4^ TCID~50~\~10% weight loss and symptomatic disease by 5 dpi. High viral titres and inflammatory cell counts in lungs. Extensive lung inflammation and histopathology.^[@CR40],[@CR54]^Up to 2 × 10^4^ PFU\~30% weight loss by 7 dpi. High viral lung titres by 3 dpi. Extensive lung and brain inflammation and histopathology.^[@CR40],[@CR57]^2.5 × 10^4^ PFU\~25% weight loss by 7 dpi. High viral titres in the lungs, and modest viral titres in the heart, brain, kidney and spleen from 2 dpi. Reduced respiratory capacity from 7 dpi. RNA-seq of infected lung tissue shows high upregulation for innate immune response pathways.^[@CR40],[@CR55]^1 × 10^5^ PFU\~20% weight loss by 5 dpi, with uniform mortality by 6 dpi. High viral titres in the lung from 2 dpi, as well as moderate viral titres in the nasal turbinates and brain from 2--4 dpi. Cytokine storm observed in lungs and spleen from 2 dpi.^[@CR40],[@CR56]^AdV-hACE2HFH4 under control of cytomegalovirus promoter in incompetent adenoviral vectorHigh expression in lungs. Expression in other tissues not reported.10^5^ FFUMice lost \~10% body weight over 8 days. High viral lung titres reported. No reported mortality.^[@CR56]^Humanised ACE2Native mACE2 promoterHigh expression in lungs, small intestine, spleen and kidney. Low expression in brain, ovary and heart.4 × 10^5^ PFUMice had high viral titres in brain, trachea and lung. Aged mice lost 10% body weight. No obvious clinical signs.^[@CR57]^Fig. 2Comparison of disease features shared between humans with COVID-19 and mouse models of SARS-CoV-2.Both humans and mice display similar clinical signs such as weight loss and pneumonia. Severe infections are often associated with increased pro-inflammatory cytokine production, accompanied by high viral lung titres which correlates with extensive lung damage and significant pulmonary decline.

Diversified models {#Sec9}
------------------

The immediate aim of producing infection-permissive mice or mouse-adapted viruses is to generate models with high respiratory viral titres and lung lesions resembling those observed in humans. Host factors are associated with increased risk of severe complications including age and obesity^[@CR67]^ and comorbidities like COPD, CVD and diabetes.^[@CR68]^ Human genetic variants likely modulate susceptibility to COVID-19.^[@CR69]^

In mice, the impact of host genetic variations were investigated in SARS-CoV using the collaborative cross (CC), a collection of mouse inbred strains produced by crossing eight founder inbred strains, including five classic laboratory strains (A/J, C57BL/6J, 129S1/SvImJ, NOD/ShiLtJ and NZO/HiLtJ) and three wild-derived (CAST/EiJ, PWK/PhJ and WSB/EiJ) strains.^[@CR70]^ CC strains segregate \~45 million polymorphisms and have more genetic diversity than the human population.^[@CR71]^ This resource is ideally suited for investigating the role of host genetic variants in the pathophysiology of infectious diseases.^[@CR72]^ MA15 infected CC mice had a broad range of phenotypes including weight loss and increased lung viral titres and lung pathology.^[@CR73]^ Susceptibility varied from absence of symptoms to 100% mortality with normal lung parenchyma and lung viral titres at 4 dpi that varied over 6 log units. Genetic analysis of CC strains identified *Trim55* and *Ticam2* as host susceptibility genes.^[@CR73],[@CR74]^ This shows that the genetic background of mice is important in replicating distinct human clinical presentations. Investigating multiple genetic backgrounds is possible using adenovirus-transduced hACE2 or mouse-adapted viruses.

Predisposing risk factors and mouse models {#Sec10}
==========================================

Chronic diseases like COPD, asthma, lung fibrosis, CVD, diabetes mellitus as well as obesity, male sex and old age are associated increased susceptibility to SARS-CoV-2 infection and severe COVID-19.^[@CR18],[@CR75]--[@CR79]^ Animal models that combine these risk factors with infection will be invaluable in elucidating mechanisms of increased susceptibility and severity.^[@CR80],[@CR81]^

Chronic respiratory diseases {#Sec11}
----------------------------

Both cigarette smoking (CS) and COPD are strong independent risk factors for severe COVID-19 with extensive lung damage and increased mortality.^[@CR82]^ CS upregulates ACE2 expression in the airways, which may increase infection risk.^[@CR83]^ The use of short-term murine models that replicate CS-induced COPD has greatly increased our understanding of disease and identified and tested novel therapeutic interventions.^[@CR80],[@CR81],[@CR84]--[@CR88]^

Early data from China showed asthma prevalence in COVID-19 patients were lower than the general population suggesting that asthma may be protective.^[@CR89]^ However, emerging reports show that asthma is one of the most prevalent comorbidities in hospitalized COVID-19 patients^[@CR90]^ and is associated with higher risk of death, especially in severe asthma based on oral corticosteroid use.^[@CR21]^ Elucidating how severe asthma predisposes to severe COVID-19 is needed and can be achieved using preclinical animal models of severe asthma that recapitulate the human disease,^[@CR91]--[@CR93]^ K18-hACE2 mice, and SARS-CoV-2 infection.

Lung fibrosis is the most severe sequelae of COVID-19 in up to 45% of the patients after 6 months.^[@CR94]--[@CR97]^ The mechanisms are unclear but inflammation and cytokine storm likely contribute.^[@CR7]^ SARS-CoV-2 infection of human alveolar epithelial cells results in altered profibrotic gene expression similar to pulmonary fibrosis, including ACE2, TGF-β, connective tissue growth factor, tissue inhibitor of metalloproteinase-3 and fibronectin.^[@CR98]^ Fibrotic sequalae can be assessed in mouse models with long rest periods after infection.^[@CR86],[@CR99]^ Bleomycin-induced experimental pulmonary fibrosis could be combined with SARS-CoV-2 infection to investigate sequalae.^[@CR86],[@CR99]^

Obesity, diabetes and CVD {#Sec12}
-------------------------

Mouse models of genetic or dietary modifications to induce features of human disease are widely available.^[@CR86],[@CR87],[@CR100],[@CR101]^ Inbred mouse strains such as C57BL/B6 have genetic susceptibility to obesity and diabetes, while male mice and rats are more prone compared to females.^[@CR101]--[@CR103]^ ACE2 is highly expressed in heart tissues and so it is expected that CVD models will increased susceptibility to SARS-CoV-2 infection.^[@CR104]^ The link between type 1 and/or 2 diabetes and ACE2 expression is unknown with conflicting reports on the levels of expression in diabetes progression and severity.^[@CR105],[@CR106]^ There are numerous mouse models of type 1 and 2 diabetes that are chemically or genetically induced and, for type 2 diabetes, typically incorporate obesity.^[@CR107]^ SARS-CoV and SARS-CoV-2 infection has not yet been explored in these models but these mice will likely be highly susceptible to infection with pulmonary decline and increased mortality as observed in humans.

Age-related susceptibility {#Sec13}
--------------------------

Old age is the main risk factor for severe COVID-19,^[@CR108]^ which is attributed to comorbidity, immunosenescence, malnutrition, residential care and biological aging changes.^[@CR109]^ ACE2 expression in human lungs may either be unchanged^[@CR83]^ or decreased^[@CR104]^ with old age, while expression is increased in the olfactory epithelium, which may contribute to susceptibility to SARS-CoV-2 infection.^[@CR110]^ The significance of age is exemplified in murine models where infection of young BALB/c and C57BL/B6 mice with SARS-CoV resulted in high viral titres in the upper and lower airways, but with no disease or mortality.^[@CR33]^ However, aged BALB/c mice had significant weight loss and severe disease with extensive alveolar damage and bronchiolitis.^[@CR111]^ ACE2 levels are decreased in aged compared to younger mice which may explain differences in disease severity.^[@CR112]^ It is unknown whether aged mice are susceptible to SARS-CoV-2 infection, however evidence from humanised ACE2 mice shows that aged mice display greater disease severity.^[@CR60]^ Aged mice showed a reduced response to experimental vaccination for SARS-CoV, with lower levels of neutralizing antibodies than young mice,^[@CR113]^ similar to responses to many vaccines in older people. Thus, studying aged mice is likely to be pivotal for developing treatments and vaccines for older people.

Ferrets {#Sec14}
=======

Ferrets have been extensively used to study influenza A virus (IAV) pathogenesis and transmission, since their respiratory tract is anatomically comparable to humans.^[@CR114]^ ACE2 is most abundantly expressed on type-II alveolar and glandular epithelial cells in the trachea and bronchi of ferrets.^[@CR115]^ Ferrets are susceptible to SARS-CoV infection with replication in the URT and LRT, increased body temperature, sneezing and alveolar damage.^[@CR115]--[@CR117]^

Recently, ferret ACE2 was shown to contain the critical residues required for binding by SARS-CoV-2 RBD.^[@CR118]^ The animals were susceptible to SARS-CoV-2 infection with viral replication in the URT, however, only low levels of virus were detected in lungs.^[@CR119],[@CR120]^ Viral loads in the lung and nasal turbinates peaked at 4 dpi with clearance by 8 and 12 dpi, respectively. While infectious virus was not detected outside the respiratory tract, viral RNA was found in the intestine, saliva, urine, rectal swabs and faeces up to 8dpi. This suggests that SARS-CoV-2 preferentially replicates in the URT of ferrets. In line with this, disease is mild with reduced activity and occasional cough from days 2--6. In most studies, elevated body temperatures are observed from 2 dpi, returning to baseline by day 8 with no change in body weight.^[@CR119],[@CR121]^ Shi et al.,^[@CR120]^ reported only 1 out of 3 ferrets developed fever and loss of appetite following intranasal inoculation with different SARS-CoV-2 isolates, suggesting isolate variability and dose may alter disease outcomes. Limited studies have examined immune responses to SARS-CoV-2 in ferrets. Intranasal infection induced serum neutralizing antibodies.^[@CR119],[@CR121]^ Another study compared transcriptional responses in cells from nasal washes of IAV and SARS-CoV-2-infected ferrets.^[@CR122]^ The magnitude of antiviral and IFN responses were higher with IAV compared to SARS-CoV-2 infection, with unique enrichment for cell death and leucocyte activation in the latter. Kim et al.,^[@CR119]^ used the ferret model to study SARS-CoV-2 transmission. Viral RNA was detectable in nasal washes from ferrets 48 h after direct contact with intranasally inoculated animals, suggesting transmission is rapid and can be transmitted prior to the peak of disease 4 dpi. All six ferrets that had direct contact developed elevated body temperatures. In contrast to direct contact, airborne transmission was less efficient with low levels of viral antigen detectable in nasal washes from two of six ferrets and infection was mild with no changes in body temperature. Overall, the ferret model of SARS-CoV-2 is limited as the infection is mild with little LRT involvement and no reported characteristics of severe disease in humans such as oedema or ARDS. They may provide a model to study SARS-CoV-2 transmission.

Golden hamster {#Sec15}
==============

Syrian Golden hamsters have been used to model a broad range of viral infections,^[@CR123]^ and genetically modified animals have been generated.^[@CR124]--[@CR126]^ Hamsters are susceptible to SARS-CoV infection with comparable viral replication in the URT and LRT, but no clinical signs of disease other than reduce activity.^[@CR111],[@CR127],[@CR128]^

In silico structural analysis predicts that SARS-CoV-2 S protein RBD effectively binds hamster ACE2.^[@CR129],[@CR130]^ Infection of hamsters with SARS-CoV-2 resulted in clinical signs such as ruffled fur, rapid breathing and weight loss from day 2 with recovery by 10--12 dpi.^[@CR129]^ High levels of infectious virus were detected in the lung and nasal turbinates on days 2 and 4 and significant histological changes were observed including protein-rich lung fluid exudate, mononuclear cell infiltration, severe cell death and haemorrhage and alveolar damage. Transmission studies revealed efficient virus spread via direct contact between co-housed infected hamsters.^[@CR129]^ Infectious virus was detectable in the lungs and nasal turbinates, accompanied by lung histology changes. Co-housed hamsters did not lose significant body weight suggesting the infection was less severe than with intranasally inoculation, likely due to differences in inoculum dose. This suggests that SARS-CoV-2 infection of hamsters is not dissimilar to humans and may be a model to study pathogenesis, and transmission and test potential therapeutics.

Non-human primates (NHPs) {#Sec16}
=========================

NHP experiments account for only 5% of all animal research. Nevertheless, clinical translation of NHP studies is much greater than for other animal models, as they are closest to human pathophysiology and comply with FDA approvals.^[@CR131]^ Consequently, several NHP species were investigated in SARS-CoV infection, including Cynomolgus and Rhesus Macaques, African Green Monkeys (AGMs, old-world monkeys) and Common Marmosets, Squirrel Monkeys and Mustard Tamarins (new-world monkeys).^[@CR132]--[@CR139]^ Initial studies were performed in Cynomolgus Macaques and virus was isolated from nasal secretions and detected in lung samples.^[@CR133]^ Pulmonary pathology indicative of interstitial pneumonia was confirmed and representative of mild human disease. They presented with a spectrum of clinical illness ranging from no symptoms to skin rash, decreased activity, cough and respiratory distress with old animals more likely to develop disease.^[@CR134]--[@CR136],[@CR139]^ Pulmonary inoculation of these Macaques caused infection of type-1 and -2 bronchoepithelial cells from 1--4 dpi, followed by extensive type-2 pneumocyte hyperplasia from 4--6 dpi.^[@CR132],[@CR137]^ Comparing Cynomolgus and Rhesus Macaques and AGMs infected with SARS-CoV, all had viral replication in nasal throat swabs and tracheal lavage but did not develop clinical disease. Viral replication was highest in AGM, followed by Cynomolgus then Rhesus Macaques. Neutralizing antibodies correlated with viral titres that peaked at day 2 and cleared in the upper and LRT by 8--10 dpi. AGMs had interstitial pneumonia and inflammation and lung oedema.^[@CR135]^ In infected Rhesus Macaques, virus was detected from day 5 in nasopharyngeal swabs and different degrees of interstitial pneumonia occurred over 60 dpi. Changes were less marked at later time points, indicative of active healing and resolution of acute inflammation.^[@CR140]^ Infection of Common Marmosets caused only mild disease, but led to both pulmonary and hepatic pathology at 2--7 dpi, including early interstitial pneumatosis and hepatic lesions, including multifocal hepatitis.^[@CR141]^

NHP models were used to investigate MERS-CoV infection and develop remedial measures. Infected Rhesus Macaques developed mild-to-moderate respiratory disease^[@CR142]--[@CR144]^ representative of milder MERS cases, whereas infected Marmosets developed moderate-to-severe disease as observed in severe patients.^[@CR145],[@CR146]^

With the occurrence of COVID-19, learning from NHP models of SARS-CoV and MERS-CoV has been applied. A pathogenesis study compared historical reports of SARS-CoV infections with results from MERS-CoV or SARS-CoV-2 inoculated Rhesus Macaques. SARS-CoV infection induced severe lung lesions. With MERS-CoV infection, virus was detected mainly in type-II pneumocytes and there were mild lung lesions. In SARS-CoV-2 infection, virus was excreted from the nose and throat without clinical signs and was detected in ciliated epithelial cells of nasal, bronchial, and bronchiolar mucosae and in type-I and -II pneumocytes in foci of diffuse alveolar damage. It was concluded that SARS-CoV-2 causes COVID-19--like disease in Macaques and provides a model to test preventions and treatments.^[@CR139]^ A preprint confirmed that SARS-CoV-2 causes respiratory disease lasting 8--16 days in Rhesus Macaques. Nose and throat swabs confirmed high viral loads, similar to those in human bronchoalveolar lavage; in one animal, prolonged rectal shedding occurred. Pulmonary infiltrates were visible in pulmonary X-rays. Thus, collectively, Macaques developed moderate disease similar to most human cases.^[@CR147]^ As in humans, age matters in Rhesus Macaques. Three 3--5-year old and two 15-year old Macaques were intratracheally infected with SARS‐CoV‐2. Viral replication in nasopharyngeal and anal swabs and lung was higher in old compared to young monkeys over 14 dpi. Animals developed typical interstitial pneumonia characterized by inflammation and oedema with thickened alveolar septa. Only old Macaques exhibited diffuse severe interstitial pneumonia. Viral antigens were detected mainly in alveolar epithelial cells and macrophages.^[@CR148]^ Others reported similar findings, where viral RNA was detected at higher levels and for longer in older Macaques, though none presented with severe symptoms observed in older human patients.^[@CR139]^ Thus, as in humans SARS-CoV-2 is more infectious in older NHP.

Susceptibility of other NHP to SARS-CoV-2 is mostly unknown. A preprint reports comparison of infected old-world monkeys (12 Rhesus, 6 Long-tailed Macaques) and new-world monkeys (6 Common Marmoset) and found increased body temperatures in 12/12 Rhesus and 2/6 Long-tailed Macaques, but no fever in Marmosets. Only Macaques had chest radiographic abnormalities, although viral loads in blood, nasal, throat and anal swabs of all three species could be detected. Post-mortem, Rhesus and Long-tailed Macaques had viral loads in lung, bronchus and spleen, whereas none were detected in Marmosets. Thus, Rhesus Macaques appear to be most susceptible to SARS-CoV-2 infection, followed by Long-tailed Macaques and Marmosets.^[@CR149]^

Another report of investigations of SARS-CoV-2 susceptibility among Apes compared ACE2 sequences in Chimpanzees, Bonobos, Gorillas, and Orangutans, and all African and Asian monkeys (*Catarrhines*). All species have the same set of 12 key amino acid residues similar to hACE2. Monkeys of the Americas, and some Tarsiers, Lemurs and Lorises, differed at significant contact residues, and protein modelling predicted these differences should greatly reduce the binding affinity of SARS-CoV-2 to ACE2, hence moderating susceptibility to infection. Other Lemurs are predicted to be closer to *Catarrhines* in susceptibility, suggesting that Apes, African and Asian monkeys and some Lemurs are likely to be susceptible to SARS-CoV-2, representing a critical threat to their survival.^[@CR150]^

It is important to understand protective immunity in NHPs. In SARS-CoV-2 infected Rhesus Macaques high viral loads in the upper and LRT, pathologic evidence of viral pneumonia, and humoral and cellular immune responses were observed. After initial viral clearance, Macaques were re-challenged and presented with a 5 log~10~ reduction in viral loads in bronchoalveolar lavage and nasal mucosa compared to primary infection. These findings suggest that SARS-CoV-2 re-infections are mild due to protective immunity.^[@CR151]^ Another study assessed SARS-CoV-2 DNA vaccine candidates consisting of six different forms of S proteins in 35 Rhesus Macaques. Vaccinated animals had similar humoral and cellular immune responses, including neutralizing antibody titres to those in convalescent humans and Macaques infected with SARS-CoV-2.^[@CR151],[@CR152]^ Single vaccination with the adenovirus-vectored vaccine ChAdOx1 COVID-19 induced humoral and cellular immune responses in Rhesus Macaques.^[@CR153]^ Viral load was significantly reduced in bronchoalveolar lavage fluid and respiratory tract tissue and pneumonia was absent compared to unvaccinated infected controls. This vaccine is currently in phase I trials.^[@CR154]^

Thus, while no NHP model fully reproduces all COVID-19 features observed in humans, AGMs are similar with respect to primary infection. However, little work has been done with AGMs on antibody and treatment responses. Most important aspects of disease are observed with NHP models and these can be used to evaluate preventions and treatments for COVID-19.

Other infected animals {#Sec17}
======================

Bats {#Sec18}
----

While SARS-CoV-2 is clearly a suitable human virus, its origins remains elusive with a common ancestor of bat SARS-Like CoVs and SARS-CoV-2 existing \~40--70 years prior to emergence.^[@CR155]^ Scientists are now searching for further evidence in wild bats and have performed infection studies with a non-native host bat species, *Rousettus aegyptiacus.*^[@CR156]^ While this species is divergent from the predicted host bat families, *Rhinolophidae/Hipposideridae,*^[@CR157]^ intranasal inoculation resulted in URT infection with shedding of live virus and bat-to-bat transmission although somewhat limited. Oral swabs were positive for nucleic acid from 2--12 dpi and nasal epithelium, trachea, lung, lung lymphatic tissue and faeces were positive, including from non-inoculated contact animals. Infection occurred to a lower extent in heart, skin, duodenum and adrenal glands in some animals. Live virus was cultivated from oral swabs, trachea and nasal epithelium only, indicating stronger URT than enteric infection. Bats developed weak antibody responses from 8 dpi. While tissue viral loads were similar between side-by-side bat and ferret infections, ferrets developed stronger neutralizing antibody responses. Fitting with known viral tolerance in bats, no clinical signs, weight loss, fever or respiratory signs were detected throughout infection. This matches observations in wild bats infected with SARS-like viruses, or experimentally infected bats with MERS-CoV^[@CR158]^ and a HKU-9-like β-CoV.^[@CR159]^ Antigens but only minor, transient inflammation with minor immune cell infiltration were detected at 4 dpi. In vivo bat infections, coupled with in vitro infection in cell lines and intestinal enteroids is possible^[@CR160]^ but is logistically difficult and bats do not develop disease. Homology studies show that, particularly for immune genes and cytokines, bats are close to humans.^[@CR161]^

Cats {#Sec19}
----

SARS-CoV has been detected in wild cats,^[@CR162]^ and cats can contract SARS-CoV-2 from their owners.^[@CR163]--[@CR165]^ Cats are susceptible to experimental infection^[@CR120]^ and shed virus in nasal turbinates, soft palates, tonsils, tracheas, lungs, and small intestines with live virus in these tissues except intestines or faeces, suggesting minimal shedding of virus via that route. Viral RNA was cleared by 6 dpi from the lungs while remaining in other tissues. Juvenile cats had lower URT viral loads but prolonged viral RNA shedding in lung tissue. Concordant with this, there were varying degrees of respiratory illness in wild-infected cats. Cats are a suitable model for droplet transmission with 1/3 naïve cats in contact with infected cats developing infection and shedding viral RNA in tissue and faeces. Higher shedding was observed in juvenile cats, though sub-adult cats developed higher antibody titres. One study suggested minimal antibody seroprevalence in domestic cats^[@CR166]^ and random sampling in Wuhan, China, revealed 14.7% seroprevalence in domestic cats post-outbreak.^[@CR167]^ This suggests that spill-over from humans to cats may be frequent. Thus, cats as an animal model for infection reveal suitable infection and transmission dynamics. There is little information on inflammation and how this mirrors human disease.

Animals minimally infected: pig, dog, chicken, tree shrew {#Sec20}
=========================================================

Other infections with SARS-CoV-2 of pig, dog, chicken and tree shrew have yielded limited results with none showing signs of disease, and only dogs displaying shedding in faeces only but not tissue.^[@CR120]^ Another study confirmed no detectable infection in pigs or their cell lines.^[@CR156]^ PCR positive domestic dogs were reported, though there was no evidence of respiratory disease.^[@CR168]^ Viral RNA was detected from nasal swabs for almost whole genome sequencing and also live virus isolation in one canine. High Ct values were recorded from rectal swabs in one animal though there was no transmission to another dog in the same household. Chickens are sources of viral zoonotic diseases, like Newcastle disease and avian IAV.^[@CR169],[@CR170]^ Since IAVs replicate efficiently in chickens, infection of embryonated eggs is a common, cheap and efficient way of propagating them.^[@CR171]^ However, chickens are largely resistant to SARS-CoV, MERS-CoV and SARS-CoV-2. Chickens inoculated intravenously, intranasally, ocularly and orally with SARS-CoV did not develop signs of disease or display pathological organ changes. Viral RNA was detected in blood, trachea, lung and kidney up to 14 dpi, but isolation of replicating viruses was unsuccessful.^[@CR172]^ Chickens inoculated intranasally did not transmit the virus to co-housed, unchallenged counterparts.^[@CR120]^ SARS-CoV, MERS-CoV and SARS-CoV-2 injected into embryonating eggs do not replicate.^[@CR172],[@CR173]^ Recently, the tree shrew (*Tupaia belangeris*) was examined for susceptibility to SARS-CoV-2 infection.^[@CR174]^ Following infection, Shrews displayed no clinical signs except for increasing body temperature particularly in females. Moderate levels of viral shedding and tissue replication were consistent across all age groups, but was higher in kidney, pancreas and spinal cord. Histopathology revealed mild pulmonary abnormalities with inflammatory cell infiltration, airway obstruction and necrosis. Thus, none of these animals appear to be suitable for SARS-CoV-2 research.

Wild-caught positive animals {#Sec21}
============================

Whilst many animal species are infected with IAV^[@CR175]^ and SARS-CoV infection, only a few are so far associated with SARS-CoV-2, many are likely susceptible that may depend on their phylogeny (Fig. [3](#Fig3){ref-type="fig"}). To date all are apparently anthropo-zoonotic infections from human to animal, including dog, cat, mink, tiger and lion.^[@CR176]^ Studies of mink in farms in the Netherlands suggest a strain passed from an infected handler, actively transmitted amongst the mink population and infected another human, and viral RNA was detected in inhalable dust.^[@CR177]^ Infected mink had respiratory disease with lung inflammation and interstitial pneumonia and mortality in some. This suggests that mink may be a better model then ferrets, though controlled studies are needed. Tigers and lions infected with SARS-CoV-2 had respiratory symptoms and loss of appetite though all recovered.^[@CR176],[@CR178]^ The genome of SARS-CoV-2 from a tiger in Bronx zoo shows close relationships to human strains, and various tissues and swabs were positive.^[@CR179]^ Other SARS-CoV's including SARS-CoV have been detected in various *Rhinolophus* and *Hipposideros* species of bats, pangolins, Bamboo Rat, Palm Civet, Hog Badger, Hedgehog and Racoon Dog.^[@CR12],[@CR157],[@CR180]--[@CR184]^ A recent study suggests increasing coronavirus prevalence associated with the wildlife trade with increased disease along the trade route.^[@CR185]^ Palm Civets and Racoon Dogs previously detected with SARS-CoV infection exhibited symptoms and signs of distress. Similarly, this was observed for smuggled Sunda Pangolins in China that were positive for the closely related Pangolin-CoV.^[@CR186]^ They had respiratory distress with frothing at the lips and blood in their lungs. These studies show that a broad range of wild animals carry coronaviruses.Fig. 3Phylogeny of observed wild infections.Left panel, fast minimum evolution distance tree for ACE2 protein sequences using Grishin for evolutionary distance, unsorted. Species included are *Erinaceous europaeus* (in place of *Erinaceous amurensis*, Hedgehog), *Rhinolophus sinicus* (representative microbat), *Nyctereutes procyonoides* (Racoon Dog), *Manisjavanica* (Sunda Pangolin), *Paguma larvata* (Masked Palm Civet), *Mustela putoris furo* (representative ferret), *Panthera tigris altaica* (Siberian Tiger, in place of Bengal Tiger), *Canis lupus familiaris* (Dog), *Neovison vison* (in place of European Mink). The closest species was used where applicable due to a lack of sequence for ACE2. Right side indicates whether infection was observed for SARS-CoV, SARS-CoV-2 or SARSr-CoV (Bat SARS-Like CoVs), as indicated. Green arrows indicate where animal-animal transmission has been reported to occur.

Translational models to humans {#Sec22}
==============================

Analysis of the combination of complementary in vivo animal models and ex vivo human studies are powerful ways to better under disease and test preventions and treatments.

Cell models {#Sec23}
===========

Cell models for in vitro/ex vivo examination of SARS-CoV-2 are valuable for understanding viral replication and pathogenesis. They can be high-throughput systems for evaluating therapeutics and vaccine candidates. Vero and VeroE6 are kidney epithelial-derived cell lines commonly used for viral propagation.^[@CR187]^ VeroE6 cells were used to identify ACE2 as the host cell receptor for SARS-CoV entry *via* binding the S protein.^[@CR38]^ They are highly permissive to SARS-CoV and SARS-CoV-2 infection due to high expression of ACE2, however, TMPRSS2 is expressed at low levels.^[@CR2],[@CR3]^ Propagation of SARS-CoV-2 in VeroE6 cells abundantly expressing TMPRSS2 greatly exceeds standard VeroE6 propagation.^[@CR3]^ Moreover, camostat mesylate, a clinically approved serine protease inhibitor of TMPRSS2, partially inhibits SARS-CoV-2 entry into Caco2 and VeroE6/TMPRSS2-expressing cells,^[@CR2]^ reinforcing the applicability of cell culture models for drug discovery.

A broad screen of human cell lines showed that SARS-CoV-2 replication was most robust in Calu-3 (pulmonary), followed by Caco2 (intestinal), Huh7 (hepatic), HEK293T (renal), and U251 (neuronal) cells.^[@CR11]^ Commonly used human cell lines such as HeLa (cervical cancer) and A549 (alveolar epithelial cancer) express low levels of ACE2^[@CR188],[@CR189]^ and are non-permissive to SARS-CoV-2 infection unless exogenously expressing ACE2.^[@CR12],[@CR13],[@CR190]^ Furthermore, SARS-CoV-2 was able to efficiently replicate in a broad range of non-human cell lines such as FRhK4, LLCMK2 (both Rhesus Macaque kidney), CRFK (feline kidney) and RK-13 (Rabbit kidney), suggesting broad host and tissue susceptibility.^[@CR11]^

Human minimally immortalised or primary bronchoepithelial cells are clearly human relevant and express ACE2. They can be cultured submerged^[@CR191]^ or at the air-liquid interface (ALI) where they differentiate into pseudostratified mucociliary epithelium, grow cilia, produce mucus and maintain their disease phenotype.^[@CR192],[@CR193]^ They are the gold standard in vitro models of the upper, large and small airways. They can be infected with SARS-CoV-2 that replicates and inflammatory and immune responses, pathogenesis and treatments assessed.^[@CR80],[@CR81],[@CR194]--[@CR196]^ However, they have limited life spans (2--4 passages) so cells that resemble primary cell features but can be expanded are used for high-throughput screening. Growing primary cells co-cultured with irradiated fibroblast feeder cells and a Rho kinase inhibitor propagates these cells indefinitely in vitro and can be differentiated at ALI.^[@CR197]^

Patrolling immune cells are critical host defences against pathogens and are important in protecting against COVID-19.^[@CR198],[@CR199]^ They may also be important infectious niches for SARS-CoV-2. THP-1 human monocytes are permissive to SARS-CoV infection,^[@CR200],[@CR201]^ however, current evidence suggests they are not susceptible to SARS-CoV-2.^[@CR202]^ Nevertheless, THP-1 cells exposed to SARS-CoV-2 S protein produce IL-6,^[@CR203]^ suggesting that macrophages have roles in COVID-19 pathogenesis independent of promoting SARS-CoV-2 infection. MT-2 T-lymphoid cells are also permissive to SARS-CoV-2 entry but not replication^[@CR202],[@CR204]^ similar to MERS-CoV.^[@CR205]^ Whole blood infections can be used to assess mechanisms of pathogenesis and test treatments.^[@CR206]^

Organoids {#Sec24}
=========

Organoids are three-dimensional tissue models derived from embryonic stem (ES), induced pluripotent (iPSCs)^[@CR207],[@CR208]^ or multi-potent adult tissue stem cells.^[@CR209]^ Their strength is the ability to self-arrange into tissue structures that have the cytoarchitecture, cellular complexity and some functions of the organ they resemble.^[@CR210]^ They include cell-to-cell interactions and organization, allowing for accurate representations of infection patterns, and improved resolution to determine cell-specific drug targets and toxicity. Benefits over 2D cell cultures are the ability to study SARS-CoV-2 tissue infectivity and effects on cell function. SARS-CoV-2 is primarily a respiratory infection which can lead to multi-organ failure and organoids can be used to investigate the causes and rapid testing of potential therapies. Importantly, human lung organoids have been developed^[@CR211],[@CR212]^ and used to study respiratory infections including IAV and tuberculosis,^[@CR213]^ and will be important for investigating COVID-19 pathogenesis. One study used pluripotent stem cell-derived lung organoids and identified drug candidates including imatinib and mycophenolic acid, that inhibited SARS-CoV-2 entry.^[@CR214]^ Organoids do present challenges in modelling the complex structure of the lung. They do not generally express vascularity and do not expand and contract during gas exchange as viable lungs do. However, when combined with animal models and other systems, organoids expand technical capabilities in investigating disease pathogenesis. COVID-19 patients also suffer severe endothelial, kidney, liver and neurological damage showing direct effects on these tissues.^[@CR25],[@CR215]--[@CR218]^ Recent organoids studies show that vascular, intestinal, kidney, brain and liver tissues are all permissive to SARS-CoV-2 and may be viral reservoirs.^[@CR160],[@CR219]--[@CR222]^ Soluble hACE2 could significantly reduce SARS-CoV-2 load in vascular and kidney organoids, and is in a multicentre clinical trial for COVID-19 therapy.^[@CR223]^ Cholangiocytes in liver ductal organoids express ACE2 and TMPRSS2 that enable SARS-CoV-2 infection that impairs their barrier and bile acid transporting functions.^[@CR222]^ Enterocytes, express high levels of ACE2, can be infected and show a generic viral response program, including type-I and -III IFNs.^[@CR219],[@CR222],[@CR224]^ Bat enteroids can also be generated and infected with SARS-CoV-2, indicating animal tissues may be suitable for organoid-derived studies enabling validation and translation.^[@CR160]^ SARS-CoV-2 infection of human brain organoids shows viral tropism for cortical neurons but not neuronal stem cells.^[@CR225],[@CR226]^ The virus co-localized with phosphorylated Tau, suggesting early neurodegeneration-like effects.

Tissue explants {#Sec25}
===============

Whole primary host-derived tissues that can be manipulated are ex vivo system for understanding tissue-specific responses and pre-clinical drug screening. Precision cut lung slices (PCLS) are used to assess immunology, toxicology and airway reactivity as they maintain lung architecture, cell--cell, cell-matrix and tissue interactions. They enable investigation of whole tissue immune responses to a virus from airway, vascular, parenchymal and resident immune cells, without confounding effects from systemic cells that migrate to the lung following challenge in vivo. Multiple sections can be obtained from a single lung, including human,^[@CR227]^ Rhesus Macaques,^[@CR228]^ marmosets^[@CR229]^ and mice.^[@CR230]--[@CR232]^ SARS-CoV-2 replication in PCLS has not been established, but other viruses such as Adenovirus Type-7 can replicate in human,^[@CR233]^ swine IAV can replicate in pig^[@CR234]^ and respiratory syncytial virus can replicate in mouse PCLS.^[@CR235]^ The complexity of PCLS maintaining all cell types in their in vivo configuration is an advantage other culture techniques and the ability to directly compare between species is translational.

Translating findings {#Sec26}
--------------------

The clinical relevance of individual animal models and ex vivo systems for translation of preventive and therapeutic interventions into clinical practice will depend on their characteristics.

### Anti-viral efficacy {#Sec27}

Although antiviral activity may be demonstrated in cell cultures, efficacy against infection must be confirmed in animal models prior to human studies. Remdesivir (GS-5734) that inhibits viral RNA-dependent RNA polymerase was confirmed to be active in murine^[@CR236]^ and Rhesus Macaque^[@CR145]^ models of SARS-CoV and MERS-CoV infection before evaluation in a recent randomized controlled trial showing clinical benefit against SARS-CoV-2.^[@CR237]^ This is also relevant for testing passive antibody therapy. A recombinant human monoclonal antibody showed prophylactic and therapeutic efficacy against SARS-CoV-2 in infected hACE2 mice,^[@CR238]^ while another neutralizing antibody controlled SARS-CoV2 in golden hamsters.^[@CR239]^ These models also provide pharmacokinetic data on drug dosing, and permit rapid translation to human studies through established conversions.^[@CR240]^

### Vaccine-induced protective immunity {#Sec28}

Animal models are essential for developing SARS-CoV-2 vaccines. A variety of protein, RNA and viral vaccines have been tested in mice and NHPs to induce anti-SARS-CoV-2 antibodies that are neutralizing against infection of human cell lines in vitro.^[@CR241]--[@CR243]^ This provides a rapid screen for potential protective efficacy but these must be tested in challenge models. Recent studies with Chimpanzee adenovirus (ChAdOx1 nCoV-19)^[@CR153]^ and vesicular stomatitis virus (rVSV-ΔG)^[@CR244]^ vaccines expressing the S protein showed protection against SARS-CoV-2 lung disease and inhibited viral replication in NHP and golden hamsters, respectively. Similarly, S protein bearing nanoparticles induced a broad range of antibody and CD4^+^ and CD8^+^ T cell responses in mice and protected against SARS-CoV-2 infection.^[@CR243]^ There are \>130 SARS-CoV-2 vaccines in development and it is important to compare their efficacy in multiple models to select those most likely to provide durable immunity in humans.

### Modifying lung inflammation {#Sec29}

The critical determinant of clinical outcome in COVID-19 is the excessive lung inflammation that develops in 15--20% and progresses to severe disease in the 4% requiring ICU care. Animal models of infection will provide insights into the pathophysiology of this inflammation and the relative contributions of innate immune and adaptive T-cell responses, and provide a platform to test anti-inflammatories. In MERS-CoV infection of DPP4 transgenic mice, C5a receptor neutralization alleviated lung inflammation, confirming important roles for complement activation.^[@CR245]^

### Treating vascular damage {#Sec30}

Emerging studies show extensive vascular inflammation in the lung and other organs in COVID-19 patients. This includes extensive endothelial cell inflammation and small and large vessel thrombosis in the lungs in fatal COVID-19,^[@CR25]^ and widespread brain inflammation and vascular damage post-mortem.^[@CR246]^ It is unknown if these findings are replicated in different animal models and this will be an important area of future investigation.

Conclusions {#Sec31}
===========

Interrogation of representative animal models is needed to define cause and effect and elucidate mechanisms of pathogenesis that are validated and translated in human studies (Fig. [4](#Fig4){ref-type="fig"}). They need to replicate human disease features individually and collectively. Mice that are modified genetically or with adenoviruses or CRISPR, or WT mice infected with mouse-adapted viruses will undoubtedly be the most widely used due to ease and costs but also because they replicate human features of pulmonary inflammation, histopathology and pneumonia. New studies will define additional features and refine models to achieve these, and also incorporate representative models of chronic diseases to define and treat mechanisms of increased susceptibility to infection and COVID-19. Other animal models may be useful but pose substantial logistical issues. NHPs are closer to humans and can be used to test interventions prior to human treatment. Wild animals such as bats are important natural reservoirs of coronavirus and should be avoided. Refined translational in vitro/ex vivo platforms enable validation and translation of animal model findings including primary cells cultured at ALI, organoids and primary tissue explants that can be infected and immune responses and interventions assessed. Translation of findings to humans will enable us to elucidate the mechanisms of pathogenesis and develop and test preventions and interventions and combat COVID-19 to return the world to a semblance of normality.Fig. 4Overview of the different translational model systems used to interrogate disease mechanisms of SARS-CoV-2.Cell culture and organoid/primary cell infection studies are critical for deciphering the cellular mechanisms of SARAS-CoV-2 pathogenesis and for high-throughput identification of leading drug candidates. In vitro findings can then be directly translated to animal models such as mice, hamsters, guinea pigs and non-human primates to assess the safety and efficacy of drugs and vaccines before progressing to human clinical trials.
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